The crosstalk between single-ended and differential lines is investigated in this paper. First, the telegraphers equations for multiconductor line are applied. Then the differential pair is terminated respectively with T and Π termination networks, and the crosstalk from the single-ended trace to the differential pair is evaluated at the grounded resistors in the T or Π termination networks. The analysis of the crosstalk is obtained by incorporating the termination network with the solution of the telegraphers equations that are solved by using a mode decomposition technique.
As digital interfaces are changing from massive parallel buses to gigabit serial data links, signal integrity issues, such as crosstalk between signals, have become more of a problem in the interconnection of single-ended signals. The analysis of crosstalk between two and multi single-ended transmission lines, both in time-domain and frequency-domain, has been reported extensively in the literature [1] [2] [3] [4] [5] .
Comparing with the single-ended circuits, crosstalk between tightly coupled differential circuits are small [6] . The direct measurements of crosstalk between differential circuits was discussed in [7] , and in [8] the analysis of crosstalk between differential delay lines was reported.
In this paper, the crosstalk between a single-ended trace on the printed circuit board (PCB) to an adjacent differential pair is discussed. In our analysis, the single-ended trace with the differential pair are considered as three parallel lines thus the telegrapher's equations for multiconductor line can be applied. Then the differential pair is terminated respectively with T and Π termination networks, and the crosstalk from the single-ended trace to the differential pair is evaluated at the grounded resistors in the T or Π termination networks. The analysis of this time-domain crosstalk is obtained by incorporating the termination network with the solution of the telegrapher's equations that are solved by using a mode decomposition technique and using the fast inverse Laplace transform. The measurement of this crosstalk can be conducted easily by using a two-port network analyzer or a digital oscilloscope since the crosstalk is evaluated on the resistors that are connected to ground. Both the calculated and measured time domain crosstalk are presented in this paper. The characteristics of the near-end crosstalk (NEXT) and far-end crosstalk (FEXT) are also examined and discussed. 
NETWORK EXPRESSION FOR (3+1)-CONDUCTOR LINES
A single-ended trace runs parallel with a differential pair traces on a PCB is shown in Fig. 1 . The line voltages V i and line currents I i (i = 1, 2, 3) for each trace are also shown in the figure. At the first step, we just consider the traces as three conductor transmission lines above a reference conductor, i. e., (3+1)-conductor lines. If the traces are x-oriented, then the telegrapher's equations in the Laplace domain are
where
T are respectively the line voltage and current vectors with the superscript T denoting the transpose of the vector, L and c are the per-unit-length inductance matrix and capacitance matrix, respectively. Both L and c are symmetric matrices. The equations in (1) are a set of six, coupled, first-order partial differential equations. They can be solved using the mode decomposition technique [2] . This technique decomposes the line voltages and currents into three independent modes, then the six coupled telegrapher's equation (1) are transformed to six uncoupled equations. The primary solution process of the mode decomposition technique is to find transformation matrices T v and T i , which change the actual line voltages and currents, V and I, to the mode voltages and currents V m and I m , i. e.,
The solution of the six uncoupled equations can be easily obtained in the same fashion of solving a bifilar transmission line. For example, without loss of generality, for lines of length , we can express the network expression between the mode voltages and currents in chain matrix as
where the matrices A m , B m , C m , and D m can be easily calculated from the mode impedances, phase constants, and the line length. Thus for the actual line voltages and currents we have
This is the obtained chain matrix expression for the (3 + 1)-conductor transmission line system.
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INCORPORATING THE T AND Π TERMINAL CONDITIONS
So far we have not care whether the traces are single-ended or differential. Now we will back to the crosstalk problem between a singled-ended and a differential lines. Without loss of generality, we assume trace 1 is single-ended, and traces 2 and 3 composing a differential pair. We terminate the differential pair respectively with T and Π termination networks. Our purpose to use these termination schemes are twofold. One is to extract the common-and differential-mode components of the crosstalk, and the other is to measure the crosstalk using the common single-ended network analyzer or oscilloscope. Considering the crosstalk voltage at the same cross section on the differential pair, V 2 and V 3 , we may decompose each of them as a linear combination of two components. The differential-mode voltages V DM /2 are equal in magnitude and opposite in polarity, and the common-mode voltages, V CM are equal in magnitude and with same polarity, i. e.,
The differential pairs terminated by the T and Π networks are shown in Fig. 2 . In the T termination configuration, if we choose the resistors as R t2k = R t3k , with k(= 0, ) denoting the input and output ends, then the voltages on resistors R t10 and R t1 , denoted as V C (0) and V C ( ), will be
This means the voltage on the R t10 and R t10 can be used to evaluated the common-mode components of the near-and far-end crosstalk in the T termination case, with a scale factor related to the termination resistors. As will be explained later, in the measurements, we have chosen R t2k = R t3k = 0, thus from (6), one can see
CM . In the Π termination configuration, we choose the resistors R p2k = R p3k and evaluate the voltages across them. Since all of these resistor are grounded, thus the conventional single-ended equipment can be used for the measurement. Then from (5), we can see the differences between the voltages on the two resistors R p2k and R p3k are simply equal to V (k) DM , thus they can be used to evaluated the differential-mode components of the NEXT and FEXT in the Π termination case. From the above discussion, one can see only the voltages on the grounded resistors in the termination networks will be directly used, thus now we will incorporate the non-grounded resistors into the network expression obtained in Section 2, and derived a new network expression for characterizing the crosstalk.
T Termination Network
In the T termination case, we express the chain matrix expression (4) as the admittance matrix
The admittance matrix can be obtained from the chain matrix. Considering the relationship between the line voltages and currents with the voltages and currents at the T termination resistor, the T termination condition can be expressed as
where R t0 and R t are the termination resistor matrices at the input and output. Let
we have
Considering I 2 (k) + I 3 (k) = I c (k), and denoting
T , we can get
where Y T is the obtained new admittance matrix by incorporating the T termination condition. Considering the measurement system are of characteristics impedance of 50 Ohm, the scattering matrix can be obtained from this admittance matrix, with which the crosstalk can be analyzed.
Π Termination Network
Next, we consider the Π termination configuration as shown in Fig. 2(b) . The network expression for the Π termination can be obtained in the similar fashion. In this case, instead of the admittance matrix, we use the impedance matrix for convenience, i. e.,
The impedance matrix can be obtained from the chain matrix (4). Let I Π (k) = [I 1 (0), I 2 (0), I 3 (0)] T , then the Π termination condition can be expressed as
where G p0 and G p are the termination conductance matrices at the input and output. Substituting (11) into (12), we can obtain
Similar to the T termination case, from the above admittance matrix, Y Π , the scattering matrix can be derived, with which the crosstalk is analyzed. 
EXPERIMENTAL AND ANALYSIS RESULTS
To verify the above analysis, several test circuit boards were fabricated and the near-and far-end crosstalk are measured. The board geometries with the T and Π termination network are shown in Fig. 3 . The board thickness is 1.6 mm and relative permittivity is ε r = 4.7. All traces are with the same width of 2 mm and the edge-to-edge separations between the traces are 1 mm. The length of the differential pair traces are 100 mm. For soldering the SMA launch connectors, the single-ended trace is a little longer, with length of 150 mm. The effect of the extra sections of the single-ended line can be easily accounted by cascading the chain parameter matrices of the sections with the parameter matrix derived in Section 3. A digitizing oscilloscope with a TDR plug-in module was used in the measurements. The source of the scope head was used to provide a step signal to excite the single-ended trace. The step signal had an amplitude of 170 mV and a 10-90% risetime of about 40 ps. To simplify the structure and calculation, the resistors R t2k and R t3k were chosen to be 0 Ω. In the test board, this is realized by simply connecting the two traces composing the differential pair with a conductor strap at both ends of the traces. SMA connectors were connected at the center of the straps, which are corresponding to ports 2 and 4 in Fig. 3(a) . In the Π termination configuration, 50-Ohm chip resistors were connected between the two traces. SMA connectors were connected at the ends of each trace, which are corresponding to ports 2, 3, 5 and 6 in Fig. 3(b) . For the single-ended trace, two SMA connectors were connected at both ends, which are corresponding to ports 1 and 3 in the T termination configuration, and ports 1 and 4 in the Π configuration. Further more, since the measurement was using a 50-Ohm system, the other resistors in the T and Π termination networks were 50 Ohm. The NEXT and FEXT responses were evaluated at ports 2 and 4 for T termination and ports 2, 3, 5, and 6 for Π termination by using the TDT features of the scope. The measured and calculated near-and far-end crosstalks for the T and Π terminations are shown in Fig. 4 . One can see the agreement between the measured and calculated results is very good. Some discrepancies do exist between the measurements and calculations, which is because in the calculation an ideal ramp step is used as the input signal, but in the measurement, the input signal has a small overshoot with some fluctuations. One can see also there are several similarities in the pulse shapes and widths for the two termination configurations. For both cases, the NEXT signals have a wide pulse-like shape. The amplitude of the NEXT signals increases from 0 with almost the same risetime as the driving pulse to certain level. After that the amplitudes rise no further. The pulse widths are twice as wide as the propagation time through the differential pair length, which is in fact the length of the coupled region. As for the far-end crosstalk, both cases have sharp negative-going blips that appear almost at the midpoint of the near-end pulse. This is because the far-end crosstalk appear exactly the same time as the driving pulse arriving at the end of the coupled region. On the other hand, the crosstalk for both case do have some differences that are deserved to mention. The amplitude of the crosstalk for the Π termination are obviously small than those for the T termination. Thus we can say the out-of-phase components on the differential pair are more immune to crosstalk from the adjacent single-ended line than the in-phase components do.
CONCLUSIONS
The crosstalk between single-ended and differential lines has been analyzed based on the telegrapher's equations for multiconductor lines. The differential pair was terminated respectively with T and Π termination networks, and the crosstalks have been evaluated at the grounded resistors. The analysis is simple, and the conventional single-ended digital oscilloscope or network analyzer can be used in the measurements.
